The sequencing chips and kits of the Ion Torrent Personal Genome Machine (PGM), which employs semiconductor technology to measure pH changes in polymerization events, have recently been upgraded. The quality of PGM sequences has not been reassessed, and results have not been compared in the context of a gene-targeted microbial ecology study. To address this, we compared sequence profiles across available PGM chips and chemistries and with 454 pyrosequencing data by determining error types and rates and diazotrophic community structures. The PGM was then used to assess differences in nifH-harboring bacterial community structure among four corn-based cropping systems. Using our suggested filters from mock community analyses, the overall error rates were 0.62, 0.36, and 0.39% per base for chips 318 and 314 with the 400-bp kit and chip 318 with the Hi-Q chemistry, respectively. Compared with the 400-bp kit, the Hi-Q kit reduced indel rates by 28 to 59% and produced one to seven times more reads acceptable for downstream analyses. The PGM produced higher frameshift rates than pyrosequencing that were corrected by the RDP FrameBot tool. Significant differences among platforms were identified, although the diversity indices and overall site-based conclusions remained similar. For the cropping system analyses, a total of 6,182 unique NifH operational taxonomic units at 5% amino acid dissimilarity were obtained. The current crop type, as well as the crop rotation history, significantly influenced the composition of the soil diazotrophic community detected.
N
ext-generation sequencing (NGS) technologies have evolved rapidly in the years since pyrosequencing was initially launched in 2005 (1), followed by light-imaging Illumina (2, 3) HiSeq and MiSeq and by the post-light-sequencing Ion Torrent (4, 5) Personal Genome Machine (PGM) and Proton. Sequencing quality (error type and rate) and length have suffered with NGS platforms (3, 6, 7) compared to Sanger sequencing, but the greatly improved sequence yields and reduced cost have resulted in NGS dominating use. The higher error rate has been problematic for microbial ecology, but by parallel sequencing of mock communities of known composition, the type and extent of insertion, deletion, or substitution errors can be characterized. This information can then be used to determine the proper parameters and filters for parsing raw sequence data to minimize the impact of these errors on biological conclusions (8, 9) .
To date, sequencing platform comparisons or case studies employing the Ion Torrent PGM were focused mainly on microbial whole-genome sequencing (6, 7, 10, 11) or on bacterial community structure analysis using 16S rRNA gene multiplexing tags (12) (13) (14) . A few studies used PGM for medical diagnosis with marker genes (15) (16) (17) . No studies have (i) used ecofunctional genes to evaluate Ion Torrent PGM error profiles with the Sequencing 400 kit (400-bp kit) or the recently released Hi-Q Sequencing kit (Hi-Q kit) or (ii) directly compared the PGM data with those obtained with another sequencing platform.
In this study, we determined the error types and rates and the sequencing output of the Ion Torrent PGM by using the 314 chip with the 400-bp kit and the 318 chip with both the 400-bp and the Hi-Q kits. Mock communities were analyzed to guide the use of appropriate filters for removal of low-quality reads. Sequencing error profiles of the Ion Torrent PGM and Roche 454 platforms were directly compared by using the same samples to determine differences in community structure, diversity indices, and the presence or absence and relative abundances of major operational taxonomic units (OTUs). Lastly, we used the Ion Torrent PGM 318 chip with the Hi-Q kit to sequence nifH amplicons from bulk soil samples as a case study to characterize the nitrogen-fixing bacterial communities in four cropping systems that varied in crop type, rotation, and cover crop.
MATERIALS AND METHODS
Community DNA. The genomic DNA samples used consisted of a defined community (mock) containing nifH-harboring strains Polaromonas naphthalenivorans CJ2, Desulfitobacterium hafniense DCB-2, and Burkholderia vietnamensis G4; six Oklahoma prairie soil samples from 0 to 15 cm sequenced by 454; and 12 bulk soil samples from four different cropping systems. The Oklahoma grassland samples were from warming treatments (T) and control (C) sites from a tallgrass prairie at the Great Plains Apiaries site (34°58=54ЉN, 97°31=14ЉW), where experimental warming has been under way for over a decade (18) (19) (20) . The DNA of the Oklahoma samples was extracted by using a mechanical-lysis freeze-grinding method (21) . The 12 bulk soil samples (G1 to G4, three plots each) were collected at the Great Lakes Bioenergy Research Center intensive site at Arlington, WI (43°18=9.47ЉN, 89°20=43.32ЉW), in July 2013. Cropping system G1 was continuous corn, G2 was corn plus a cover crop annually, while G3 and G4 were soybean plus a cover crop and corn plus a cover crop and were in a corn-soybean rotation since 2012. Previously G2 to G4 were in a corn-soybean-canola rotation from 2008 to 2011 (see Table S1 in the  supplemental material for the cropping history and Table S2 for soil properties). Six cores (2.5 cm in diameter by 25 cm deep [depth, 0 to 25 cm]) collected from the same plot were sieved (4 mm) and mixed together into one sample. Well-mixed soil (0.3 g) was used for DNA extraction with the Power Soil DNA isolation kit (MO BIO) according to the manufacturer's protocol. The DNA was quantified with a NanoDrop ND-1000 spectrophotometer (NanoDrop Technology) and stored at Ϫ20°C for the following application.
nifH library generation and sequencing. The nifH gene was amplified by using the Poly primers (22) in triplicate PCRs with fusion primers (see Table S3 in the supplemental material). PCR mixtures for both PGM and pyrosequencing contained 1ϫ green buffer (Promega, Madison, WI), 1.8 mM MgCl 2 (Promega), 0.5 mM each deoxynucleoside triphosphate (Promega), 500 nM each primer (IDT), 0.1 mg/ml bovine serum albumin (NEB), 2.5 U of Taq polymerase (Promega), and 1 ng/l template DNA in a 20-l reaction volume. Amplifications for both PGM and pyrosequencing were performed as follows: 3 min at 95°C; 30 cycles of 45 s at 94°C, 45 s at 61°C (62°C for 454), and 1 min at 72°C; and a final extension for 7 min at 72°C. PCR products were checked on a 1.6% agarose gel by using SYBR Safe gel stain (Invitrogen) and extracted from the gel with the QIAquick gel extraction kit (Qiagen). The eluted DNA was purified again with the Qiagen PCR Purification kit (Qiagen). The mock community was amplified for Ion Torrent sequencing with two barcoded primers to produce M-1 and M-2 samples.
For PGM and pyrosequencing, each purified sample was quantified with the Qubit Fluorometer (Invitrogen). Equivalent DNA of each sample was pooled, and the final concentration was adjusted to Ͼ10 ng/l. For PGM sequencing, the pooled library was sent to the Research Technology Support Facility (RTSF) at Michigan State University (East Lansing) for sequencing on an Ion Torrent PGM (Life Technologies). Briefly, the library was diluted to 26 pM and set up on the OneTouch2 instruments with the Ion PGM Template OT2 400 kit by following the manufacturer's instructions. These templated beads were then purified on the OneTouch ES system. Following enrichment, the beads were loaded onto the PGM chip and sequenced in accordance with the manufacturer's instructions. Sequencing data were processed by the Torrent Suite Software V4.0. To compare PGM chips and sequencing kits, mock (M-1 and M-2) and Oklahoma amplicons were sequenced on a 314 v2 chip with the Ion PGM 400-bp kit first and then sequenced on a 318 v2 chip with both the 400-bp kit and the Ion PGM Hi-Q kit along with the Arlington crop rotation samples. Hi-Q kit sequencing was done in the University of Wisconsin Biotechnology Center by using the same procedures as the RTSF and processed by the synchronized Torrent Suite Software V4.4. The mock community was also sequenced in additional 318 chip runs with the 400-bp kit (M-R2, M-R3, and M-R4) at the RTSF. Pyrosequencing was performed at the Utah State University Center for Integrated Biosystems with the 454 Titanium platform by following the manufacturer's instructions.
Mock community analysis. To assess the sequencing error type and rate in concert with the read Q (quality) score, the Defined Community Analysis Tool in the FunGene pipeline was adopted to analyze the mock sample reads. This tool compares the sequencing reads with the known corresponding region (reference sequences) from the mock community organisms (9) . To this end, filters for passing the raw reads through initial quality filtering were set to a forward primer maximum edit distance of 2, a reverse primer maximum edit distance of 1, a maximum number of N=s of 0, and a minimum sequence length of 300 (excluding primers). To examine the relationship of error rates at each read Q score cutoff, a minimum read Q score of 0 was used to allow reads with any read Q score to pass. Usearch (23) and BLAST (24) were used to detect the small numbers of chimeric and contaminant reads, which were then excluded when the summary file was generated by this tool. The numbers of total substitutions and indels, read Q score distributions, overall error rates (total errors divided by total bases for each read Q score cutoff), and percentages of reads remaining and reads with specific errors that varied by Q score were summarized. The results obtained with this tool further optimized the analysis parameters, such as the Q score quality filter, for the environmental reads.
Data processing. For both PGM and pyrosequencing, all of the reads obtained from soil DNA were trimmed by the Initial Process tool in the FunGene pipeline (9) (http://fungene.cme.msu.edu/FunGenePipeline/) by using the quality filtering parameters described above, except with a minimum read Q score of 22 to filter out low-quality reads. The resulting filtered reads with primers removed were subjected to Usearch (23) for chimera check in de novo mode. After chimera removal, all samples were translated and frameshift corrected with FrameBot (25) at default settings. The frameshift-corrected protein sequences were aligned with FunGene HMMER3 Aligner and then clustered by RDP mcClust with the complete linkage algorithm. The cluster file was converted to an R-formatted OTU table by the RDP cluster file formatter tool for use by R (version 2.12.0; http://www.r-project.org/) for ordination analysis. Sequences were randomly resampled to 1,814 amino acid sequences per sample for platform comparisons and to 22,616 sequences for the cropping system study.
Platform comparison of Oklahoma samples. OTUs were generated at amino acid dissimilarities of 0% (OTU 0 ) and 5% (OTU 0.05 ). OTU abundances were Hellinger transformed (square root of relative abundance), and Bray-Curtis and Euclidean dissimilarity matrices (with dummy variable ϩ1) were constructed with PRIMER-v6 (Primer-E Ltd., Plymouth, United Kingdom). Complete linkage clustering was used to construct cluster dendrograms with similarity profile (SIMPROF) testing (26) . Permutational multivariate analysis of variance (PERMANOVA) (27) was used to test for significant differences in community structure. Shannon diversity (H=), Margalef's richness (d), Pielou's evenness (J=), and the number of individuals (S ab ) were tested for significant differences by one-way analysis of variance (ANOVA) among sequencing platforms with Minitab 16 (Minitab Inc.) with a Tukey correction for multiple comparisons. Representative sequences were generated as the minimum sum of square distances of each OTU 0.05 . These representative sequences were assigned to a closest match by BLASTp with the FunGene NifH database consisting of 675 hand-curated sequences where the extracted protein corresponded to the amplicon generated by the primers (modified Zehr set) (25) .
Nitrogen-fixing communities in soils of different cropping systems. All of the sequences from the 12 soil samples were clustered at the OTU 0.05 level (see Fig. S1 in the supplemental material for the rarefaction curve) and then resampled to 22,616 sequences per sample for calculation of diversity indices (H= and J=) and downstream analyses. Significant differences in diversity indices were tested by one-way ANOVA with SPSS 18. A heat map of the 30 most abundant OTU 0.05 s (see Fig. S2 ) was produced with the labdsv package (version 1.6-1; http://CRAN.R-project.org /packageϭlabdsv). OTU 0.05 abundance data were Hellinger transformed and subjected to redundancy analysis (RDA) for ordination under constraint of the four cropping systems with the Vegan package (version 2.0-10; http://CRAN.R-project.org/packageϭvegan). The significance of the cropping system's influence was assessed by PERMANOVA, and differences between within-sample variances were tested with the permutational dispersion (PERMDISP) test. Read assignment into the taxonomic and NifH clusters was completed with FrameBot when conducting frameshift correction. Soil properties were fitted to the RDA model with the Vegan package.
Nucleotide sequence accession numbers. Raw sequences from PGM and 454 were deposited in the NCBI Sequence Read Archive under accession number PRJNA266566 and in the European Nucleotide Archive Sequence Read Archive under accession number PRJEB8005 (sample accession numbers ERS629288 to ERS629293), respectively. a Sample names without the letter R were from the first run of each chip with the 400-bp kit or the 318 chip with the Hi-Q kit (HiQ), while the number following the letter R represents the run number with the 318 chip and the 400-bp kit.
RESULTS
PGM sequencing and error type. Sequencing resulted in 327,994 raw reads from the PGM 314 chip, while the 318 chip produced an average of 5,588,636 Ϯ 450,701 raw reads per run, an approximately 16-fold increase in yield. Read length distribution was consistent among different runs, as the relative percentage of reads by read length in each run showed a single and highly similar peak at the full nifH amplicon size (360 bp) (Fig. 1A) . Full-length reads accounted for 45% of the 314 chip reads, an average of 26% Ϯ 8% of the 318 chip reads with the 400-bp kit, and 60% of the 318 chip reads with the Hi-Q kit (Table 1) . Mock community analyses with the Defined Community Analysis Tool showed that the number of errors per full-length read (Fig. 1B) and the percentage of reads with errors (Table 1) varied with the chip type, independent runs, and sequencing chemistry. The numbers of indels and substitutions per fulllength read were higher in 318 chip runs with the 400-bp kit (averages of 2.60 Ϯ 0.43 and 0.58 Ϯ 0.1, respectively) and much lower in 314 (1.22 Ϯ 0.35) and 318 (1.35 Ϯ 0.52) chip runs with the Hi-Q kit (Fig. 1B) . Thus, the Hi-Q kit reduced the indel rate by 28 to 59% (mean, 48%) compared to that obtained with 318 chip runs with the 400-bp kit. In combination with the higher percentage of reads with indels (2.2 to 3.7 times the number of reads with substitutions) (Table 1) , this error rate also indicates that indels are the primary source of PGM sequencing errors. Replicate mock communities (M-1 and M-2) exhibited similar error patterns across chips and sequencing chemistries. With the 400-bp kit, 318 chip runs produced more errors than 314 chip runs, even in the best mock run (M-R3, third 318 chip run), while 318 chip runs with the Hi-Q kit reduced the error rate and approached the performance of 314 chip runs with the 400-bp kit.
Error rate and Q score cutoff. In order to determine the error rate and filtering parameters (e.g., the minimum read Q score) for the environmental samples, mock communities among different runs were further analyzed (Fig. 2) . For all mock samples, the read Q score distributions from 314 chip runs peaked at a range of 24 to 25, while they peaked at a range of 20 to 22 in 318 chip runs (Fig.  2A) . The Hi-Q sequencing kit displayed the best read Q score distribution in 318 chip runs, with M-R4-318 representing an average sequencing output of 318 chip runs with the 400-bp kit (Fig.  2A) . The two replicates (M-1 and M-2) showed a consistent distribution pattern in their individual runs. Both the overall error rate and the percentage of reads remaining decreased with increas- ing read Q score cutoffs (Fig. 2B) . The percentage of reads with the specified number of allowed errors decreased sharply with the read Q score cutoff, taking the Hi-Q kit run as an example ( Fig.  2C ; see Fig. S3 in the supplemental material for the M-R4-318 run), which showed an overall error rate of 0.40% per base, and 65% of the full-length reads remained when the read Q score was set to 22 (Table 1 ; Fig. 2B ). The percentage of remaining reads was 91% for E0 (reads with 0 error), 78% for E1, 62% for E2, 46% for E3, 33% for E4, 21% for E5, and much less for reads with more errors (Fig. 2C ). This indicates that reads containing more errors, especially those with more than three errors (1% of the nifH amplicon length), were mostly excluded from the analysis at a read Q score of 22. Therefore, a read Q score of 22 was chosen for processing of the environmental DNA samples. Overall, the Hi-Q kit allowed the retention of one to seven times more reads than the 318 chip runs with the 400-bp kit (Table 1) .
Sequencing platform comparisons of nifH results.
To further evaluate PGM sequencing, six soil samples that were amplified for nifH and sequenced with the 454 platform were reamplified and sequenced on the PGM with the 314 and 318 chips and the 400-bp kits and with the 318 chip with the Hi-Q kit. After initial quality processing, the number of sequences per sample ranged from 4,831 to 8,175 (454), from 1,997 to 2,967 (PGM 314), from 2,382 to 4,068 (PGM 318), and from 16,270 to 23,868 (Hi-Q). The percentages of chimeras differed significantly (ANOVA, F ϭ 27.74, P Ͻ 0.001) among the platforms at 2.15% (454), 8.51% (PGM 314), 5.38% (PGM 318), and 12.31% (Hi-Q). Compared to pyrosequencing, the number of FrameBot-corrected frameshifts was significantly greater for the PGM platform 314 and 318 chips. However, the Hi-Q chemistry resulted in a significant decrease in the number of frameshift errors over the older chemistry with the 318 chip ( Table 2 ). Further analyses were performed at the OTU 0 level to discriminate fine differences among platforms and at the OTU 0.05 level to illustrate differences that better reflect potential biological conclusions. At both OTU levels, diversity indices were not significantly different among 454 and PGM chip-chemistry combinations, though the Hi-Q kit run generally exhibited the overall lower diversity, number of OTUs, and evenness (Table 3) .
PERMANOVA revealed significant differences in diazotrophic community structure based on OTU 0 and OTU 0.05 among the 454, PGM 314, PGM 318, and Hi-Q runs. Significant pairwise differences between the Ion Torrent and 454 pyrosequencing platforms were identified on the basis of both Bray-Curtis and Euclidean dissimilarity matrices (Table 4) . A cluster dendrogram at OTU 0 revealed distinct clustering, first according to site (C versus T) and then by the combination of platform and chemistry (454, PGM 314, PGM 318, and Hi-Q runs) (Fig. 3) . The clustering pattern was similar at the OTU 0.05 level (see Fig. S4 in the supplemental material). The one exception was sample C3, which clustered separately from the other 454 samples. The larger errors observed in the 454 NifH diversities likely reflect this one outlier. Removal of this outlier from the 454 data set did not affect the significant PERMANOVA comparisons of the platforms.
The number of singletons identified among the different platforms and chemistries was significantly different at the OTU 0 level (ANOVA, F ϭ 4.30, P ϭ 0.02) and ranged from 7.4% (Hi-Q) to 10.4% (PGM 318). At the OTU 0.05 level, the trend was reversed, with a minimum of 33.3% singletons for PGM 318 and a maximum of 44.2% singletons with Hi-Q (ANOVA, F ϭ 2.94, P ϭ 0.058). Similarity percentage analysis was used to determine the OTUs generated at OTU 0.05 that contributed to the majority of the Bray-Curtis distances among sequencing platforms and chemistries. Five percent (OTU 0.05 ) was chosen in order to reflect the appropriate amino acid dissimilarity that is used to formulate biological conclusions concerning nifH-harboring bacterial communities (25) . The number of OTU 0.05 s that accounted for 50% of the pairwise dissimilarity among platforms was highly constrained to between 8 (454 versus Hi-Q) and 13 (Hi-Q versus PGM 314). This was illustrated by the fact that the top 10 OTU 0.05 s accounted for 92.2% of all sequences. Of these, significant differences among platforms and chemistries were identified with OTU20 (Geobacter bemidjiensis), OTU12 (Dechloromonas aromatic), and OTU8 (Anaeromyxobacter sp.), which were significantly more abundant (ANOVA, P Ͻ 0.05) on the 454 platform, and OTU951 (Opitutaceae TAV2), which was significantly less abundant on the 454 platform. No significant differences among these 10 OTUs were observed among Ion Torrent chips and chemistries.
Metagenomic analyses of crop rotation samples. A total of
961,674 raw reads were retrieved from the 12 soil samples in a Hi-Q PGM 318 chip run, of which 375,365 sequences (39%) remained with full length at a read Q score cutoff of 22. FrameBot detected and corrected an average of 47% Ϯ 1% of the reads, which had 1.34 Ϯ 0.02 frameshifts per read (Table 5 ). With 22,616 sequences per sample, 6,182 unique OTU 0.05 s were generated from the 12 soil samples. Diversity indices varied substantially among cropping systems, at 5.77 to 6.16 for the Shannon diversity index (H=) and 0.77 to 0.81 for Pielou's evenness index (J=). All of these indices gradually decreased in the order of G1 to G4 (Fig. 4 ). There were significant differences (ANOVA, P Ͻ 0.05) between continuous-corn soils (G1) and the corn soils in rotation and with a cover crop (G4).
RDA explained 31% of the variation found in the OTU 0.05 composition data (Fig. 5) , of which 45 and 29% were represented by the first two axes, RDA1 and RDA2, respectively. Overall, the diazotrophic community composition in the four cropping systems was significantly different (PERMANOVA, F ϭ 1.21, P Ͻ 0.05; PERMDISP, P ϭ 0.87) (Fig. 5) . However, compared with the field that had a more complex cropping history of soybean, a cover crop, and even canola in recent years (G3 and G4), the field with three consecutive years of corn and 1 year of a cover crop (G2) was more similar to the continuous-corn soils (G1). G4 was the most distant from G1, although they were both corn soils at the time samples were taken. This indicates that cropping system changes alter diazotrophic community structure and that crop legacy influences (e.g., rhizosphere, litter chemistry, and quality) can play a larger role than current crop composition. Soil properties were fitted to the model in which pH was significantly linked to the community pattern (P Ͻ 0.05).
For NifH classification, averages of 94.5, 0.03, and 5.3% of the reads in these four soils belonged to functional NifH clusters I, II, and III, respectively, and a small fraction (0.17%) were NifH-like paralogs. Subclusters 1K, 1A, 1J, 1P, and 3E averaged 46.5, 18.7, 18.3, 8.3, and 3.7% of all reads. G4 samples had relatively higher abundance within 1J and 1P, while G1 had abundant subclusters 1K and 3E and G2 had more 1A (Fig. 6A) . Correspondingly, most reads (94.8%) were best matched to sequences found in Proteobacteria composed of Alphaproteobacteria (41.4%), Betaproteobacteria (30.9%), Deltaproteobacteria (20.6%), and a small proportion of Gammaproteobacteria (1.9%) (Fig. 6B ). Among these, G4 was characterized by less Alphaproteobacteria but more Betaproteobacteria and Gammaproteobacteria (Fig. 6B) . Furthermore, over half of all reads (57.7%) were matched to only six genera (Fig.  6C) . The number of read matches to Burkholderia was significantly higher (ANOVA, P Ͻ 0.01) in G1 and G2 than in G3 and G4. Outside of the phylum Proteobacteria were Verrucomicrobia (3.1%), Firmicutes (1.4%), and others (0.8% Cyanobacteria, Chlorobi, etc.) in these four cropping systems.
DISCUSSION
In-depth investigations of sequencing profiles and error rates of the Ion Torrent PGM are necessary to identify appropriate quality filters and error correction tools for practical implementation of this system for gene-targeted microbial function studies. The 314 and 318 chips produced comparable read lengths and high sequence yields with more errors than desired, mainly in the form of indels rather than substitutions. This combined error type and frequency differs from errors identified on other sequencing platforms, such as 454 and Illumina MiSeq (3, 28) . On the basis of mock community analyses, we found that a read Q score of 22 for both the 314 and 318 chips was best suited for the removal of reads with more than three errors from environmentally sourced nifH amplicons while retaining as many suitable quality reads as possible. The overall error rates over the nifH amplicon lengths were 0.36 and 0.62% error per base for the 314 and 318 chips with the 400-bp kit, respectively. However, the new Hi-Q kit was able to greatly reduce the overall error rate to 0.39% (average of M-1 and M-2) when using the 318 chip, which was contributed by the great reduction in the number of indels. These observed error rates are lower than previous reports for the PGM, which varied from 0.63 to 1.78% (7, 12, 28) , and within the recently reported error rate range for paired-end MiSeq amplicon data (e.g., 0.28 to 1.08% [8] and 0.9% [13] ), but higher than previously reported for nifH 454 pyrosequencing (0.13%) (9) . Despite this error rate, we were able to identify a quality score cutoff to filter high-error reads and yet retain adequate sequencing depth with the Defined Community Analysis tool. The use of FrameBot (25) as a translation and frameshift correction tool overcame the high frequency of frameshift errors, as reflected in the consistent number of OTUs among platforms and the lack of differences in the number of singletons. Some other filters/strategies have been reported to truncate PGM raw sequencing data, including reference-supervised denoising (12) and bidirectional amplicon sequencing and flow order optimization (13) .
When we compared the sequencing results of 454 with those of PGM for the same DNA samples, the overall composition of the diazotrophic community differed significantly between the sequencing platforms. However, the relationship among sites remained constant, with the C and T samples clustering separately, with the exception of the outlier (C3) in the 454 data. This separate clustering indicates the importance of using not only identical sequencing platforms but also consistent chemistries when comparing community structures. The number of OTUs, richness, evenness, and diversity were the same with the two platforms, but OTU abundances (not the presence or absence of nonsingleton OTUs) caused the differences observed. This indicates that there may be platform-specific influences on the identified abundances of certain lineages, which we confirmed by the BLASTp results obtained with the reference database. These influences may also be artifacts caused by the 1°C difference between the PCR annealing temperatures of the platforms. The PCR used in library preparation for PGM was optimized on the basis of the different T m values of the PGM fusion primers that indicate another variable to consider when comparing platforms. The DNA was stored at Ϫ20°C for 11 months between the 454 and PGM runs; however, it was not thawed during that time, in case storage might contribute to the difference. The significantly higher number of chimeras in the PGM runs, particularly when using the 314 chip, than in the 454 runs impacted the number of sequences available for analyses. Even though the 318 chip with the new Hi-Q chemistry had a markedly higher number of chimeras, the higher sequence output ameliorated the impact on the number of filtered sequences. The high number of sequences with frameshifts (indels) is expected with pyrosequencing and was previously reported for the PGM 314 (10) and PGM 318 (12) chips. However, the new Hi-Q chemistry resulted in a significant decrease in the number of frameshifts from that of the earlier 400-bp kit; though the incidence was still approximately double that of 454. Therefore, indel detection and correction with protein translation are especially necessary for the PGM system to avoid the creation of errant clusters and are particularly important when comparing nucleotide sequences by using low-dissimilarity clusters.
We tested the PGM platform with the Hi-Q kit and our workflow of predefined filters and FrameBot frameshift correction for a typical soil microbial ecology gene-targeted metagenomic application, that of assessing the differences among nifH-harboring soil communities as influenced by four different cropping systems. RDA ordination showed a clear spatial separation of the four soilcrop systems (Fig. 5) . This was further supported by the diversity indices H= and J=, which differed significantly between continuous-corn soils (G1) and soils also currently under corn but with a different crop in preceding years (G4). Land use change alters not only free-living nitrogen-fixing microorganisms (29) but also soil ammonia oxidizer communities in agricultural systems (30) , as well as the overall bacterial (31, 32) and other functional gene diversity (33) .
The differences among diazotrophic communities documented here were reflected by changes in the relative abundances of taxa or OTUs among cropping systems. For example, OTUs matched to the nearest reference sequences indicated that Proteobacteria was the consistently dominant phylum within all of the cropping systems. The top six proteobacterial closest-match genera accounted for the majority of the available reads, indicating the ubiquity of these diazotrophs. The dominance of Proteobacteria, especially the Alphaproteobacteria, Betaproteobacteria, and Deltaproteobacteria, would be expected in such soils, as found previously (25) . Similarly, NifH cluster I, especially subclusters 1K, 1A, 1J, and 1P, was consistently dominant in all samples as well, a pattern identified in other agricultural soils (34) .
In summary, our evaluation of PGM for gene-targeted amplicon sequence analyses suggests that the platform provides quality results with the workflow described (frameshift correction with amino acid translation) for data processing. This includes sequencing of a mock community in concert to confirm or tune the quality filter parameters. Although PGM returned relatively high rates of indels that often cause frameshifts, these were detected and corrected in downstream analysis by FrameBot. While clustering and diversity analyses gave similar biological conclusions (e.g., significantly different diazotrophic communities among sites) among the different platforms, chips, and chemistries, significant differences in community composition among platforms were also identified. This suggests that larger-scale conclusions, such as those among sites and treatments, can be resolved independently of the platforms and kits used. However, because of significant differences identified in our finer-resolution analyses (e.g., OTU pairwise comparisons), these comparisons must be constrained to identical PGM chips and sequencing chemistries. The analysis protocol used in this study is broadly transferable to microbial ecology studies of other targeted genes where frameshift correction is possible.
